
  INTRODUCTION 
  MicroRNA (miRNA) are a class of small noncod-

ing RNA about 22 nt in length that regulate gene ex-
pression by interacting with the 3′ untranslated region
(UTR) of target mRNA (Bartel, 2004). The miR-126 
is an intragenic miRNA transcribed from the intron 7 
of the epidermal growth factor-like domain 7 (EGFL7) 
gene (Fish et al., 2008; Meister and Schmidt, 2010). 
The miR-126 is expressed in highly vascularized tissues 
such as liver (Landgraf et al., 2007; Han et al., 2012; 
Novellino et al., 2012), heart (Long et al., 2012), and 
lung (Guan et al., 2012), and in hematopoietic cells 
(Grabher et al., 2011) and endothelial cells (Wang et 
al., 2008). 

  The miR-126 plays important roles in many biologi-
cal processes. It enhances serine/threonine kinase and 
mitogen-activated protein kinase (MAPK) signaling 
(Chen and Zhou, 2011) by suppressing the p85β pro-
tein. It mediates ischemia-induced angiogenesis by ac-
tivating vascular endothelial growth factor (Vegf) sig-
naling, a mechanism that was previously attributed to 
EGFL7 (Kuhnert et al., 2008; van Solingen et al., 2009; 

Nicoli et al., 2010). Two transcription factors, E26 
avian leukemia oncogene (Ets)-1 and Ets-2, which are 
involved in cell development, death, and tumorigenesis, 
induce the expression of miR-126 and regulate vascular 
development via miR-126 (Harris et al., 2010). Though 
miR-126 promotes angiogenesis, it inhibits erythropoi-
esis. It negatively regulates erythropoiesis by repressing 
the expression of protein tyrosine phosphatase, nonre-
ceptor type 9 (PTPN9), which is required for growth 
and expansion of erythroid cells (Huang et al., 2011). 
Knockdown of miR-126 increases the expression of its 
target myeloblastosis oncogene (c-myb) to enhance 
erythropoiesis in zebrafish (Grabher et al., 2011). The 
miR-126 also regulates inflammation by repressing the 
expression of vascular cell adhesion molecule (VCAM-
1), an adhesion molecule that mediates leukocyte ad-
herence to endothelial cells (Harris et al., 2008). 

  The miR-126 may play an important role in the liver. 
The miR-126 is the most downregulated miRNA when 
primary rat hepatocytes are cultured (Bolleyn et al., 
2011). The miR-126 is downregulated in hepatocellular 
carcinoma (HCC; Han et al., 2012; Wong et al., 2008). 
Expression of miR-126 is also repressed in lung can-
cer tissues (Guan et al., 2012) and colon cancer tissues 
(Guo et al., 2008). 

  Because the expression level of miR-126 in poultry 
liver is different from that in other species (Meister and 
Schmidt, 2010), we chose liver to further study its ex-
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  ABSTRACT   The microRNA-126 (miR-126) is a miR-
NA expressed in highly vascularized tissues, and it is 
believed to play a role in angiogenesis by repressing 
sprouty-related EVH1 domain containing 1 (Spred1). 
In the current study, we determined the expression 
pattern of chicken miR-126 (gga-miR-126) and pre-
dicted and validated its target genes. The quantitative 
reverse-transcription (qRT) PCR analysis showed that 
miR-126 was expressed in various chicken tissues with 
the highest level in lung. In liver, the expression level 

of miR-126 increased from 0 to 7 wk of age. The ex-
pression of miR-126 in primary chicken hepatocytes de-
creased with culturing. A miR-126 binding site was pre-
dicted in the 3′ UTR (untranslated region) of chicken 
Spred1. Dual-luciferase reporter assays indicated that 
miR-126 could bind to the predicted site to repress the 
expression of Spred1. These data validate Spred1 as a 
target gene of chicken miR-126. These results will help 
further understand the function and regulation of miR-
126 and Spred1 in chickens. 
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pression profile. Based on its expression profiles in liver 
tissue of different status, we hypothesized that miR-126 
might play a role in development of the poultry liver. 
In this study, target genes of the chicken miR-126 (gga-
miR-126) were predicted using computational methods. 
One of the predicted target genes, Spred1, is known 
to inhibit Ras-MAPK signaling in cell growth and dif-
ferentiation (Wakioka et al., 2001). We used a series of 
experiments to confirm that Spred1 is a true target of 
miR-126.

MATERIALS AND METHODS

Computational Prediction of miR-126  
Target Genes

The 3′ UTR sequences of Gallus gallus were down-
loaded from the 3′ UTR database (http://utrdb.ba.itb.
cnr.it/; Mignone et al., 2005). The miRNA target pre-
diction software “miRanda v 1.0b” (Enright et al., 2003) 
was used to predict the binding sites between miR-126 
and the 3′ UTR of mRNA using the default param-
eters. The “TargetScan” principle was also applied in 
the prediction procedures: the target site should match 
to the seed region of miRNA (nucleotides 2–7), the 8th 
nucleotide of miRNA should also be a match or the 
target nucleotide corresponding to the first nucleotide 
of miRNA should be an A (Lewis et al., 2003, 2005). 
The target site in 3′ UTR of Spred1 mRNA was fur-
ther analyzed for a Basic Local Alignment Search Tool 
(BLAST) search in GenBank (http://www.ncbi.nlm.
nih.gov), and its homology to other species was ana-
lyzed using DNAMAN.

RNA Isolation and Real-Time Quantitative 
Reverse-Transcription PCR

Total RNA of various tissues from 4-wk-old and liv-
ers from 0-, 1-, 2-, 3-, 4-, 5-, 6-, and 7-wk-old Arbor 
Acres commercial chickens was isolated using TRIzol 
reagent (Invitrogen, Carlsbad, CA). The RNA concen-
trations and quality were determined by NanoDrop 
ND2000 spectrophotometry (Thermo Scientific, Wilm-
ington, DE) and formaldehyde-agarose gel electropho-

resis. The expression of miR-126 in tissues was detected 
by real-time quantitative reverse-transcription (qRT)-
PCR according to the protocol of TaqMan MicroRNA 
Assay (Applied Biosystems, Foster City, CA; Chen et 
al., 2005). The RT reaction and the PCR were per-
formed using TaqMan MicroRNA Reverse Transcrip-
tion Kit (Applied Biosystems) and TaqMan Universal 
Master Mix II, no UNG in an Applied Biosystems 7500 
Thermocycler (Applied Biosystems). All reactions were 
run in duplicate. The threshold cycle (CT) was defined 
as the fractional cycle number at which the fluores-
cence passes the fixed threshold. The expression levels 
of miRNA were measured in terms of CT value and 
normalized to 18S rRNA (Applied Biosystems) using 
2−ΔΔCT (Livak and Schmittgen, 2001). The expression 
of target gene was detected according to the protocol of 
PrimeScript RT reagent kit and SYBR Premix Ex Taq 
(Takara, Dalian, China). β-Actin was used as an inter-
nal control. The sequences of primers for this study are 
listed in Table 1.

Isolation and Culture of Primary  
Chicken Hepatocytes

Chicken hepatocytes were isolated using an improved 
2-step collagenase method (Douaire et al., 1993). In 
brief, 4-wk-old chickens were fasted 12 h (h) before be-
ing anaesthetized by intraperitoneal injection of natri-
um thiopenthal (50 mg/kg) and anticoagulated by in-
traperitoneal injection of heparin (1,750 U/kg). Livers 
were first perfused with 250 mL of buffer A (5 mmol/L 
EDTA, 10 mmol/L of HEPES, 137 mmol/L of NaC1, 
3 mmol/L of KCl, 3 mmol/L of Na2HPO4, pH 7.5) for 
10 min and then with 250 mL of buffer B (buffer A 
without EDTA) for 10 min. Then livers were perfused 
with 5 mL of buffer C (buffer B containing 0.6 mg/mL 
of CaCl2 and 0.4 mg/mL of collagenase type IV) and 
digested at 37°C for 20 min. Livers were excised and in-
cubated in 5 mL of buffer C at 37°C for 20 min. Diges-
tion was stopped by adding William’s E medium (Gib-
co, Grand Island, NY) supplemented with 5% chicken 
serum and 2 mg/mL of BSA. After filtering through 
200-, 75-, and 30-μm filters, cells were incubated with 
red blood cell lysis buffer and washed with wash buffer 

Table 1. Primer sequences for real-time quantitative reverse transcription (qRT-PCR) and plasmid construction1 

Primer
GenBank  
accession number Sequence

Product  
size (bp)

Spred1-quantitative (for qRT-PCR) NM_001199709 F 5′-GGTGATGACCCGAGATGACT-3′ 163
  R 5′-GCATTCCAAGACCACCGTTT-3′  
β-Actin-quantitative (for qRT-PCR) NM_205518 F 5′-CACGGTATTGTCACCAACTG-3′ 200
  R 5′-ACAGCCTGGATGGCTACATA-3′  
miR-126 (for overexpression plasmid construction) AM691523 F 5′-CCCaagcttGTGTGGTGGTCAGGTCTGTG-3′ 347
  R 5′-CCGctcgagTATCCTTTCGTGCCTTTGCT-3′  
Spred1 (for reporter plasmid construction) NM_001199709 F 5′-CgagctcCGGCAAATGAGAAATGAAAC-3′ 292
  R 5′-CCCaagcttAAGGGAAACAGGACTGAAAA-3′  
Mouse Spred1 (for reporter plasmid construction) NM_033524 F 5′-GGCgagctcTAGTACTTGGGAAATTAAGA-3′ 289
  R 5′-CCCaagcttAAGAGAGCTGAGGATGAACT-3′  

1The nucleotides in lowercase are restriction sites. F = forward; R = reverse.
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(William’s E medium containing 100 U/mL of penicil-
lin-streptomycin and 2 mg/mL of BSA) to eliminate 
cell fragments and erythrocytes. The cell viability was 
verified by trypan blue exclusion test. All procedures 
involving animals were approved by Changshu Institute 
of Technology Intramural Animal Use and Care Com-
mittee.

Isolated hepatocytes were cultured at a density of 1.3 
× 106 cells/mL in William’s E medium supplemented 
with 5% chicken serum, 100 U/mL of penicillin-strep-
tomycin, 10 μg/mL of insulin, and 30 mmol/L of NaCl 
at 37°C with 5% CO2 in a humidified incubator. After 
2 d, the RNA of cells was isolated and the expression 
of miR-126 and Spred1 was detected by real-time qRT-
PCR.

Construction of Plasmids
The sequence containing precursor of miR-126 was 

PCR amplified from chicken genomic DNA. The PCR 
product was cloned into the pcDNA3.1 (+) vector (In-
vitrogen) using the HindIII and XhoI restriction sites 
to construct miR-126 overexpression vector pcDNA3.1/
miR-126. A negative control vector pcDNA3,1/NC-
miRNA was constructed by inserting the sequence con-
taining precursor of miR-133 (had no predicted target 
site in the 3′ UTR of Spred1) into pcDNA3.1. The 3′ 
UTR fragment of Spred1 containing predicted miR-126 
binding site was amplified from chicken genomic DNA 
and inserted between SacI and HindIII sites within the 
pMIR-REPORT vector (Ambion, Carlsbad, CA) to 
construct a pMIR-Spred1 reporter vector. Binding site 
mutated vector pMIR-mutSpred1 was generated from 
pMIR-Spred1 using overlap-extension PCR (Figure 
1A). The vector pMIR-mmuSpred1 containing 3′ UTR 
fragment of mouse Spred1 was constructed as well. All 
constructed vectors were verified by sequencing.

Cell Culture and Transfection
The Chinese hamster ovary (CHO) cells, C2C12 

myoblasts, and chicken cell line DF-1 cells were cultured 
in Dulbecco’s modified Eagle’s medium supplemented 
with 2 mM l-glutamine, 1 mM sodium pyruvate, 100 
U/mL of penicillin-streptomycin, and 10% fetal bo-
vine serum (Gibco) at 37°C with 5% CO2 in a humidi-
fied incubator. For miRNA overexpression assay, cells 
were seeded in 6-well plates for 24 h and transfected 
with pcDNA3.1/miR-126 using X-tremeGENE 9 DNA 
Transfection Reagent (Roche, Mannheim, Germany) 
according to the manufacturer’s protocol. In brief, 3 
μL of X-tremeGENE 9 DNA Transfection Reagent was 
added into 87 μL of serum-free Dulbecco’s modified 
Eagle’s medium, 10 μL of pcDNA3.1/miR-126 (100 ng/
μL) was then added and incubated at room tempera-
ture for 15 min, and then 100 μL of the complex was 
added to each well. The control used was pcDNA3.1. 
After 48 h, RNA of cells was isolated and used to quan-
tify the expression levels of miR-126 and Spred1 by 

real-time qRT-PCR following the protocols described 
previously.

Luciferase Reporter Assay
The CHO cells were seeded in 24-well plates for 24 h 

before transfection. Fifty nanograms of pMIR-Spred1 
(Firefly luciferase), pMIR-mutSpred1, or pMIR-mmuS-
pred1, 350 ng of pcDNA3.1/miR-126, and 1 ng of inter-
nal control pRL-CMV (Renilla luciferase) were mixed 
and then cotransfected into cells using X-tremeGENE 
9 DNA Transfection Reagent (Roche) following the 
manufacturer’s instructions. The pcDNA3.1 and pcD-
NA3.1/NC-miRNA were used as controls. Cells were 
harvested and lysed in passive lysis buffer 48 h post-
transfection. Luciferase activities were measured using 
the Dual-Luciferase Reporter Assay System (Promega, 
Madison, WI). After 15 min of lysis at room tempera-
ture, 10 μL of cell lysate was transferred to 50 μL of 
Luciferase Assay Reagent II (LAR II), and the Firefly 
luciferase activity was measured in a Modulus single 
tube luminometer (Turner BioSystems, Sunnyvale, 
CA). Then, 50 μL of Stop & Glo Reagent was added 
and the Renilla luciferase activity was measured. Fire-
fly luciferase activity was normalized to Renilla lucif-
erase activity.

Figure 1. Complementarity between microRNA-126 (miR-126) 
and predicted target site in 3′ untranslated region (UTR) of Spred1. 
(A) Schematic representation of miR-126 binding site in 3′ UTR of 
chicken sprouty-related EVH1 domain containing 1 (Spred1). The 
matched base pairs are connected by vertical lines, and the U:G wob-
bles are connected by dots. The mutated nucleotides are in bold. (B) 
Sequence alignment of target sites in different species. The position of 
the target site in chicken is numbered, and the seed region is indicated 
with the gray background.
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Statistical Analysis
All data are presented as means ± SEM of at least 

3 independent experiments performed in duplicate or 
triplicate. Statistical analysis was performed using the 
Student’s t-test, one-way ANOVA, or linear correlation 
test. A P-value < 0.05 was considered statistically sig-
nificant.

RESULTS

Target Prediction of miR-126
To predict the target genes of miR-126, the chicken 

3′ UTR data were analyzed by the computational al-
gorithm “miRanda” with “TargetScan” principle. Of 
11,891 chicken genes, 54 genes were predicted to be 
the targets of miR-126. Most of the predicted targets 
seemed to have good binding interactions with miR-
126. The predicted targets and the complementarity 
between miR-126 and the predicted targets were listed 
in Supplemental Table 1 (available online at http://
ps.fass.org/). Among the 54 predicted targets, only 5 
have conserved target sites across species. They are 
Spred1, TELO2, PLK2, CRK, and TRAF7. A 3′ UTR 
site of Spred1 was predicted to interact stably with 
miR-126 and the nucleotides 1–7 of miR-126 were com-
pletely complementary to the sequence at this 3′ UTR 
site (Figure 1A). The Spred1 3′ UTR of other species 
were also analyzed using BLAST and DNAMAN, and 
they had more than 80% identity with each other. The 
chicken sequence is more than 90% identical to the 
mouse, human, rat, or rabbit Spred1 3′ UTR at the 
predicted miR-126 binding site. The seed region of the 
target site is completely identical to those of other spe-
cies (Figure 1B).

Expression Pattern of miR-126 and Spred1
The expression of miR-126 in 12 various tissues from 

4-wk-old chickens and in livers from chickens of 8 dif-
ferent developmental stages was detected using real-
time qRT-PCR. The expression of Spred1 in livers from 
chickens of 8 different developmental stages was also 
detected using real-time qRT-PCR. The miR-126 was 
detected in all 12 tissues with very different expres-
sion levels. It was expressed at high levels in lung and 
heart, low levels in adipose tissue, spleen, and muscular 
stomach, and very low levels in the other tissues such 
as liver (Figure 2). During liver development from 0 to 
7 wk, the expression level of miR-126 had a trend of in-
creasing (Figure 3A), but the expression level of Spred1 
showed no significant changes (Figure 3B).

miR-126 Is Downregulated in Cultured 
Primary Chicken Hepatocytes

Primary chicken hepatocytes were isolated and cul-
tured using an improved 2-step collagenase method 
(Douaire et al., 1993). By trypan blue exclusion test, 
the cell viability was analyzed to be more than 95%. 
After isolation and cultivation, the hepatocytes were 
collected and the expression of miR-126 and Spred1 
mRNA was detected by real-time qRT-PCR. The ex-
pression level of miR-126 was significantly lower in 
isolated hepatocytes than in liver; its expression was 
even lower after 2 d of cultivation (Figure 4A). Some 
other miRNA were also downregulated in the hepato-
cytes with cultivation (data not shown); however, the 
decreases were not as significant as that in miR-126. 
The expression level of Spred1 mRNA was not different 
between newly isolated hepatocytes and liver, and did 
not change with cultivation (Figure 4B).

Figure 2. The expression pattern of microRNA-126 (miR-126) in various tissues. The expression levels of miR-126 in 12 tissues were analyzed 
by real-time quantitative reverse transcription (qRT)-PCR and normalized to 18S rRNA. Experiments were repeated 2 times with three 4-wk-old 
chickens. Data are means ± SEM.
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miR-126 Directly Targets the 3′ UTR  
of Spred1

To investigate whether the miR-126 overexpression 
vector could increase the expression level of miR-126, 
the construct pcDNA3.1/miR-126 was transfected into 
CHO cells and C2C12 cells and then the RNA was iso-
lated. The expression level of miR-126 was quantified 
by real-time qRT-PCR. Compared with control sam-
ples transfected with pcDNA3.1, the expression level 
of miR-126 in pcDNA3.1/miR-126 transfected cells in-
creased significantly (Figure 5A and Supplemental Fig-
ure 1; available online at http://ps.fass.org/). Because 
the fold change of overexpression was more in CHO 
than in C2C12 cells, the CHO cells were chosen for 
further studies.

To determine whether the predicted target site of 
miR-126 in the 3′ UTR of Spred1 was true, the pMIR-
Spred1 reporter vector was cotransfected into CHO 
cells with miR-126 overexpression vector pcDNA3.1/

miR-126 or control vectors pcDNA3.1 or pcDNA3.1/
NC-miRNA. The pRL-CMV was also cotransfected to 
normalize the luciferase activity of pMIR-Spred1. The 
relative luciferase activity of pMIR-Spred1 decreased 
with the presence of pcDNA3.1/miR-126 compared 
with the controls (Figure 5B). In other words, over-
expressed miR-126 downregulated the expression of 
pMIR-Spred1. Thus, miR-126 was validated to directly 
target the Spred1 3′ UTR. To further verify the target 
site, the binding site-mutated plasmid pMIR-mutSpred1 
was cotransfected to CHO cells with pcDNA3.1/miR-
126 and control pcDNA3.1, and homologous 3′ UTR 
fragment of mouse Spred1 was cloned to construct 3′ 
UTR reporter vector pMIR-mmuSpred1, and this vec-
tor was also cotransfected along with miR-126 over-
expression or control vectors. As a result, the relative 
luciferase activity of pMIR-mutSpred1 was not signifi-
cantly different between cells overexpressing miR-126 
and the control (Figure 5B), indicating that the sup-
pression of the relative luciferase activity by miR-126 

Figure 3. The expression of microRNA-126 (miR-126) and sprouty-related EVH1 domain containing 1 (Spred1) in livers at different develop-
mental stages. (A) The expression levels of miR-126 in livers at 8 stages from 0 to 7 wk were analyzed by real-time quantitative reverse transcrip-
tion (qRT)-PCR and normalized to 18S rRNA. (B) The expression levels of Spred1 in livers at 8 stages from 0 to 7 wk were analyzed by real-time 
qRT-PCR and normalized to β-actin. Experiments were repeated 2 times with 3 chickens at every stage. Data are means ± SEM and analyzed by 
ANOVA. *P < 0.05; **P < 0.01. Other significance data in (A): **1 to 7 wk, 3 to 7 wk, 4 to 7 wk; *1 to 6 wk.
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was relieved by mutation of the target site. The relative 
luciferase activity of pMIR-mmuSpred1 also decreased 
in the presence of pcDNA3.1/miR-126 compared with 
the controls (Supplemental Figure 2; available online at 
http://ps.fass.org/). Thus, miR-126 directly targeted 
the 3′ UTR of mouse Spred1 as well. These data to-
gether verified that miR-126 directly interacted with 
the predicted target site in the 3′ UTR of Spred1 and 
that Spred1 was a target gene of miR-126.

miR-126 Did Not Regulate Chicken Spred1 
at the mRNA Level

To investigate whether miR-126 regulated chicken 
Spred1 at the mRNA level, the pcDNA3.1/miR-126 or 
control vector pcDNA3.1 was transfected into chicken 
cell line DF-1 cells and then the expression of miR-

126 and Spred1 was quantified by real-time qRT-PCR. 
Compared with the control, in the cells transfected 
with pcDNA3.1/miR-126, the expression level of miR-
126 increased significantly, but the expression level of 
Spred1 did not change (Figure 6), showing the mRNA 
level of chicken Spred1 was not regulated by overex-
pression of miR-126.

Figure 4. The microRNA-126 (miR-126) was downregulated in 
hepatocytes after culture. (A) The expression levels of miR-126 in 
liver and in hepatocytes before and after culture were analyzed by 
real-time quantitative reverse transcription (qRT)-PCR and normal-
ized to 18S rRNA. (B) The expression levels of sprouty-related EVH1 
domain containing 1 (Spred1) in liver and in hepatocytes before and 
after culture was analyzed by real-time qRT-PCR and normalized to 
β-actin. 1: liver, 2: hepatocytes isolated from liver, 3: hepatocytes after 
2 d of culture. Experiments were repeated 2 times with three 4-wk-old 
chickens. Data are means ± SEM and analyzed by ANOVA. **P < 
0.01; ***P < 0.001.

Figure 5. The microRNA-126 (miR-126) directly targets 3′ un-
translated region (UTR) of chicken chicken sprouty-related EVH1 do-
main containing 1 (Spred1). (A) Overexpression of miR-126. After 
transfection of control vector pcDNA3.1 or miR-126 overexpression 
vector pcDNA3.1/miR-126 in Chinese hamster ovary (CHO) cells, the 
expression levels of miR-126 were detected by real-time quantitative 
reverse transcription (qRT)-PCR and normalized to 18S rRNA. (B) 
Target validation of chicken Spred1. The CHO cells were cotransfected 
with pMIR-Spred1 (Firefly luciferase) and pcDNA3.1 or pcDNA3.1/
miR-126 or pcDNA3.1/NC-miRNA. The binding site-mutated vector 
pMIR-mutSpred1 (Firefly luciferase) was cotransfected with pcD-
NA3.1 or pcDNA3.1/miR-126. The internal control was pRL-CMV 
(Renilla luciferase). Relative luciferase activity was determined by 
Firefly luciferase activity normalized to Renilla luciferase activity. 
Data are means ± SEM of at least 3 independent experiments done 
in triplicate and analyzed by Student’s t-test or ANOVA. **P < 0.01.
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DISCUSSION
In this study, 54 genes were predicted as the target 

genes of miR-126 among 11,891 genes in the 3′ UTR 
database using the “miRanda” with “TargetScan” prin-
ciple. One of the predicted target genes of miR-126 is 
Spred1, which encodes a sprouty-related receptor tyro-
sine kinase binding protein and has a conserved target 
site across species. Similar to sprouty, Spred proteins 
are located on plasma membrane and can inhibit Ras-
MAPK signaling induced by growth factors such as 
FGF to regulate cell growth, proliferation, and differen-
tiation (Wakioka et al., 2001; Sivak et al., 2005; Mason 
et al., 2006). The Spred1 is expressed in several types 
of tissues. In hematopoietic cells, it negatively regulates 
hematopoiesis through inhibiting interleukin-3 induced 
MAPK signaling (Nonami et al., 2004); in myoblast 
C2C12, it promotes myogenesis by repressing MAPK 
activity (Wakioka et al., 2001). Its role in liver is not 
clear. Because the complementarity between Spred1 
and miR-126 is high (Figure 1), we studied the charac-
teristics of Spred1 in poultry liver.

The expression profile of miR-126 in 12 chicken tis-
sues showed that miR-126 was expressed in highly vas-
cularized tissues such as lung, heart, and spleen. This 
finding is consistent with the expression pattern of 
miR-126 in other species (Guan et al., 2012; Han et 
al., 2012; Long et al., 2012). The miR-126 is expressed 
in the lung at a significantly higher level than in other 
tissues, indicating that it may play a particularly im-
portant role in the lung. Previous reports depict that it 
is downregulated in lung carcinoma versus normal lung 
cells (Yanaihara et al., 2006; Boeri et al., 2011), imply-
ing miR-126 has very important roles in maintaining 
lung in a normal state. So the high expression level of 
miR-126 may be important to the normal state of the 
lung. The expression level of miR-126 in poultry liver 
is very low. This is different from that in other species, 
where miR-126 is abundant in the liver (Meister and 
Schmidt, 2010). The increasing expression of miR-126 
from 0 to 7 wk of age suggests that miR-126 may play 
more important roles in late developmental stages than 
in early stages.

Culture of primary chicken hepatocytes is based on 
a classic 2-step collagenase method with modifications. 
Our modifications help increase the yield of healthy he-
patocytes. The viability of the hepatocytes we obtained 
was more than 95%, which was higher than those in 
previous reports (Fraslin et al., 1992; Douaire et al., 
1993). In a previous report, miR-126 is identified as 
the most downregulated miRNA in primary rat hepa-
tocytes after 2 and 7 d of cultivation using microarray 
and real-time qRT-PCR. The fold change is 13 after 7 
d of cultivation by microarray, but after 2 d of cultiva-
tion the fold change is less. Using real-time qRT-PCR, 
the expression level of miR-126 is downregulated about 
70% after 2 d of cultivation (Bolleyn et al., 2011). In 
this study, we found that the expression level of miR-
126 in chicken hepatocytes was downregulated to 2.7% 

after 2 d of cultivation. The downregulation of miR-126 
during hepatocyte culturing may be due to dedifferen-
tiation of the hepatocytes and reentry to the cell cycle 
(Elaut et al., 2006).

Using dual-luciferase reporter assays, chicken Spred1 
was validated to be the target gene of miR-126, which 
was further confirmed by the site mutation analysis. 
Our identification of chicken Spred1 as a chicken miR-
126 target is consistent with earlier reports (Kuhnert et 
al., 2008; Wang et al., 2008). The Spred1 may regulate 
the Ras-MAPK signaling in liver. In HCC cells, Spred1 

Figure 6. The microRNA-126 (miR-126) did not regulate chicken 
sprouty-related EVH1 domain containing 1 (Spred1) at the mRNA 
level. (A) Overexpression of miR-126. After transfection of control vec-
tor pcDNA3.1 or miR-126 overexpression vector pcDNA3.1/miR-126 
in DF-1 cells, the expression levels of miR-126 were detected by real-
time quantitative reverse transcription (qRT)-PCR and normalized to 
18S rRNA. (B) The mRNA level of chicken Spred1 was not regulated 
by miR-126. After transfection of control vector pcDNA3.1 or miR-126 
overexpression vector pcDNA3.1/miR-126 in DF-1 cells, the mRNA 
levels of Spred1 were detected by real-time qRT-PCR and normalized 
to β-actin. Data are means ± SEM of at least 3 independent experi-
ments done in duplicate and analyzed by Student’s t-test. **P < 0.01.
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is dysregulated, and it inhibits HCC cell proliferation 
by reducing MAPK activity (Yoshida et al., 2006). 
Silibinin could inhibit HCC cell proliferation through 
inhibition of MAPK activity, which is indirectly caused 
by upregulation of Spred1 and other factors (Momeny 
et al., 2008). In mouse preadipocytes, calcium treat-
ment suppresses lipid accumulation by promotion of 
MAPK signaling (Sun et al., 2012a,b). In mouse he-
patocytes, carnosic acid reduces lipid accumulation 
through activation of MAPK (Wang et al., 2012a). So 
chicken Spred1 may also regulate lipid metabolism by 
repressing Ras-MAPK signaling in hepatocytes. We 
also analyzed another previously predicted target gene 
lipoprotein lipase (Wang et al., 2012b), but the result 
showed that miR-126 did not regulate the expression 
of this gene (data not shown). Shown in previous re-
ports, miR-126 targets Spred1 to regulate angiogenesis 
and vascular integrity in endothelial cells and mast cell 
proliferation in bone marrow, and miR-126 regulates 
the expression of Spred1 by repressing the expression 
of its mRNA (Wang et al., 2008; Ishizaki et al., 2011). 
In our study, the expression pattern of Spred1 was 
not inversely correlated with that of miR-126, and the 
mRNA level of Spred1 in DF-1 cells was not regulated 
by miR-126, implying that the expression of Spred1 in 
chicken tissues may be regulated by factors in addition 
to miR-126.

In conclusion, miR-126 is expressed in various chick-
en tissues and is upregulated in livers during develop-
ment and downregulated in primary hepatocytes after 
cultivation. The Spred1 is one of the target genes for 
miR-126.

ACKNOWLEDGMENTS
We thank Honglin Jiang in the Virginia Polytechnic 

Institute and State University, Blacksburg, and Ying 
Wang in the University of California, Davis, for help-
ful comments on this manuscript. This work was sup-
ported by the National Natural Science Foundation of 
China (30871789, 31272438) and Innovation Project of 
Jiangsu Graduate Research (CXZZ11_0988).

REFERENCES
Bartel, D. P. 2004. MicroRNAs: Genomics, biogenesis, mechanism, 

and function.  Cell  116:281–297.
Boeri, M., C. Verri, D. Conte, L. Roz, P. Modena, F. Facchinetti, 

E. Calabro, C. M. Croce, U. Pastorino, and G. Sozzi. 2011. Mi-
croRNA signatures in tissues and plasma predict development 
and prognosis of computed tomography detected lung cancer.  
Proc. Natl. Acad. Sci. USA  108:3713–3718.

Bolleyn, J., J. Fraczek, M. Vinken, D. Lizarraga, S. Gaj, J. H. van 
Delft, V. Rogiers, and T. Vanhaecke. 2011. Effect of Trichostatin 
A on miRNA expression in cultures of primary rat hepatocytes.  
Toxicol. In Vitro  25:1173–1182.

Chen, C., D. A. Ridzon, A. J. Broomer, Z. Zhou, D. H. Lee, J. T. 
Nguyen, M. Barbisin, N. L. Xu, V. R. Mahuvakar, M. R. Ander-
sen, K. Q. Lao, K. J. Livak, and K. J. Guegler. 2005. Real-time 
quantification of microRNAs by stem-loop RT-PCR.  Nucleic 
Acids Res.  33:e179.

Chen, J. J., and S. H. Zhou. 2011. Mesenchymal stem cells overex-
pressing MiR-126 enhance ischemic angiogenesis via the AKT/
ERK-related pathway.  Cardiol. J.  18:675–681.

Douaire, M., B. Belloir, J. C. Guillemot, J. M. Fraslin, P. Langlois, 
and J. Mallard. 1993. Lipogenic enzyme and apoprotein messen-
ger RNAs in long-term primary culture of chicken hepatocytes.  
J. Cell Sci.  104:713–718.

Elaut, G., T. Henkens, P. Papeleu, S. Snykers, M. Vinken, T. Van-
haecke, and V. Rogiers. 2006. Molecular mechanisms underlying 
the dedifferentiation process of isolated hepatocytes and their 
cultures.  Curr. Drug Metab.  7:629–660.

Enright, A. J., B. John, U. Gaul, T. Tuschl, C. Sander, and D. S. 
Marks. 2003. MicroRNA targets in Drosophila.  Genome Biol.  
5:R1.

Fish, J. E., M. M. Santoro, S. U. Morton, S. Yu, R. F. Yeh, J. D. 
Wythe, K. N. Ivey, B. G. Bruneau, D. Y. Stainier, and D. Srivas-
tava. 2008. miR-126 regulates angiogenic signaling and vascular 
integrity.  Dev. Cell  15:272–284.

Fraslin, J. M., L. Touquette, M. Douaire, Y. Menezo, J. C. Guille-
mot, and J. Mallard. 1992. Isolation and long-term maintenance 
of differentiated adult chicken hepatocytes in primary culture.  In 
Vitro Cell. Dev. Biol.  28A:615–620.

Grabher, C., E. M. Payne, A. B. Johnston, N. Bolli, E. Lechman, 
J. E. Dick, J. P. Kanki, and A. T. Look. 2011. Zebrafish mi-
croRNA-126 determines hematopoietic cell fate through c-Myb.  
Leukemia  25:506–514.

Guan, P., Z. Yin, X. Li, W. Wu, and B. Zhou. 2012. Meta-analysis of 
human lung cancer microRNA expression profiling studies com-
paring cancer tissues with normal tissues.  J. Exp. Clin. Cancer 
Res.  31:54.

Guo, C., J. F. Sah, L. Beard, J. K. Willson, S. D. Markowitz, and 
K. Guda. 2008. The noncoding RNA, miR-126, suppresses the 
growth of neoplastic cells by targeting phosphatidylinositol 3-ki-
nase signaling and is frequently lost in colon cancers.  Genes 
Chromosomes Cancer  47:939–946.

Han, Z. B., L. Zhong, M. J. Teng, J. W. Fan, H. M. Tang, J. Y. Wu, 
H. Y. Chen, Z. W. Wang, G. Q. Qiu, and Z. H. Peng. 2012. Iden-
tification of recurrence-related microRNAs in hepatocellular car-
cinoma following liver transplantation.  Mol. Oncol.  6:445–457.

Harris, T. A., M. Yamakuchi, M. Ferlito, J. T. Mendell, and C. J. 
Lowenstein. 2008. MicroRNA-126 regulates endothelial expres-
sion of vascular cell adhesion molecule 1.  Proc. Natl. Acad. Sci. 
USA  105:1516–1521.

Harris, T. A., M. Yamakuchi, M. Kondo, P. Oettgen, and C. J. 
Lowenstein. 2010. Ets-1 and Ets-2 regulate the expression of mi-
croRNA-126 in endothelial cells.  Arterioscler. Thromb. Vasc. 
Biol.  30:1990–1997.

Huang, X., E. Gschweng, B. Van Handel, D. Cheng, H. K. Mik-
kola, and O. N. Witte. 2011. Regulated expression of microR-
NAs-126/126* inhibits erythropoiesis from human embryonic 
stem cells.  Blood  117:2157–2165.

Ishizaki, T., T. Tamiya, K. Taniguchi, R. Morita, R. Kato, F. Oka-
moto, K. Saeki, M. Nomura, Y. Nojima, and A. Yoshimura. 2011. 
miR126 positively regulates mast cell proliferation and cytokine 
production through suppressing Spred1.  Genes Cells  16:803–
814.

Kuhnert, F., M. R. Mancuso, J. Hampton, K. Stankunas, T. Asano, 
C. Z. Chen, and C. J. Kuo. 2008. Attribution of vascular phe-
notypes of the murine Egfl7 locus to the microRNA miR-126.  
Development  135:3989–3993.

Landgraf, P., M. Rusu, R. Sheridan, A. Sewer, N. Iovino, A. Aravin, 
S. Pfeffer, A. Rice, A. O. Kamphorst, M. Landthaler, C. Lin, N. 
D. Socci, L. Hermida, V. Fulci, S. Chiaretti, R. Foa, J. Schliwka, 
U. Fuchs, A. Novosel, R. U. Muller, B. Schermer, U. Bissels, J. 
Inman, Q. Phan, M. Chien, D. B. Weir, R. Choksi, G. De Vita, 
D. Frezzetti, H. I. Trompeter, V. Hornung, G. Teng, G. Hart-
mann, M. Palkovits, R. Di Lauro, P. Wernet, G. Macino, C. E. 
Rogler, J. W. Nagle, J. Ju, F. N. Papavasiliou, T. Benzing, P. 
Lichter, W. Tam, M. J. Brownstein, A. Bosio, A. Borkhardt, J. 
J. Russo, C. Sander, M. Zavolan, and T. Tuschl. 2007. A mam-
malian microRNA expression atlas based on small RNA library 
sequencing.  Cell  129:1401–1414.

1895microRNA-126 EXPRESSION IN CHICKEN HEPATOCYTES



Lewis, B. P., C. B. Burge, and D. P. Bartel. 2005. Conserved seed 
pairing, often flanked by adenosines, indicates that thousands of 
human genes are microRNA targets.  Cell  120:15–20.

Lewis, B. P., I. H. Shih, M. W. Jones-Rhoades, D. P. Bartel, and 
C. B. Burge. 2003. Prediction of mammalian microRNA targets.  
Cell  115:787–798.

Livak, K. J., and T. D. Schmittgen. 2001. Analysis of relative gene 
expression data using real-time quantitative PCR and the 2(-Del-
ta Delta C(T)).  Methods  25:402–408.

Long, G., F. Wang, Q. Duan, F. Chen, S. Yang, W. Gong, Y. Wang, 
C. Chen, and D. W. Wang. 2012. Human circulating microR-
NA-1 and microRNA-126 as potential novel indicators for acute 
myocardial infarction.  Int. J. Biol. Sci.  8:811–818.

Mason, J. M., D. J. Morrison, M. A. Basson, and J. D. Licht. 2006. 
Sprouty proteins: Multifaceted negative-feedback regulators of 
receptor tyrosine kinase signaling.  Trends Cell Biol.  16:45–54.

Meister, J., and M. H. Schmidt. 2010. miR-126 and miR-126*: New 
players in cancer.  ScientificWorldJournal  10:2090–2100.

Mignone, F., G. Grillo, F. Licciulli, M. Iacono, S. Liuni, P. J. Kersey, 
J. Duarte, C. Saccone, and G. Pesole. 2005. UTRdb and UTR-
site: A collection of sequences and regulatory motifs of the un-
translated regions of eukaryotic mRNAs.  Nucleic Acids Res.  
33:D141–D146.

Momeny, M., M. R. Khorramizadeh, S. H. Ghaffari, M. Yousefi, M. 
S. Yekaninejad, R. Esmaeili, Z. Jahanshiri, and M. R. Noori-
daloii. 2008. Effects of silibinin on cell growth and invasive prop-
erties of a human hepatocellular carcinoma cell line, HepG-2, 
through inhibition of extracellular signal-regulated kinase 1/2 
phosphorylation.  Eur. J. Pharmacol.  591:13–20.

Nicoli, S., C. Standley, P. Walker, A. Hurlstone, K. E. Fogarty, and 
N. D. Lawson. 2010. MicroRNA-mediated integration of hae-
modynamics and Vegf signalling during angiogenesis.  Nature  
464:1196–1200.

Nonami, A., R. Kato, K. Taniguchi, D. Yoshiga, T. Taketomi, S. Fu-
kuyama, M. Harada, A. Sasaki, and A. Yoshimura. 2004. Spred-1 
negatively regulates interleukin-3-mediated ERK/mitogen-acti-
vated protein (MAP) kinase activation in hematopoietic cells.  J. 
Biol. Chem.  279:52543–52551.

Novellino, L., R. L. Rossi, F. Bonino, D. Cavallone, S. Abrignani, 
M. Pagani, and M. R. Brunetto. 2012. Circulating hepatitis B 
surface antigen particles carry hepatocellular microRNAs.  PLoS 
ONE  7:e31952.

Sivak, J. M., L. F. Petersen, and E. Amaya. 2005. FGF signal in-
terpretation is directed by Sprouty and Spred proteins during 
mesoderm formation.  Dev. Cell  8:689–701.

Sun, C., R. Qi, L. Wang, J. Yan, and Y. Wang. 2012a. p38 MAPK 
regulates calcium signal-mediated lipid accumulation through 
changing VDR expression in primary preadipocytes of mice.  
Mol. Biol. Rep.  39:3179–3184.

Sun, C., L. Wang, J. Yan, and S. Liu. 2012b. Calcium ameliorates 
obesity induced by high-fat diet and its potential correlation with 
p38 MAPK pathway.  Mol. Biol. Rep.  39:1755–1763.

van Solingen, C., L. Seghers, R. Bijkerk, J. M. Duijs, M. K. Roeten, 
A. M. van Oeveren-Rietdijk, H. J. Baelde, M. Monge, J. B. 
Vos, H. C. de Boer, P. H. Quax, T. J. Rabelink, and A. J. van 
Zonneveld. 2009. Antagomir-mediated silencing of endothelial 
cell specific microRNA-126 impairs ischemia-induced angiogen-
esis.  J. Cell. Mol. Med.  13:1577–1585.

Wakioka, T., A. Sasaki, R. Kato, T. Shouda, A. Matsumoto, K. 
Miyoshi, M. Tsuneoka, S. Komiya, R. Baron, and A. Yoshimura. 
2001. Spred is a Sprouty-related suppressor of Ras signalling.  
Nature  412:647–651.

Wang, S., A. B. Aurora, B. A. Johnson, X. Qi, J. McAnally, J. A. 
Hill, J. A. Richardson, R. Bassel-Duby, and E. N. Olson. 2008. 
The endothelial-specific microRNA miR-126 governs vascular in-
tegrity and angiogenesis.  Dev. Cell  15:261–271.

Wang, T., Y. Takikawa, T. Tabuchi, T. Satoh, K. Kosaka, and K. 
Suzuki. 2012a. Carnosic acid (CA) prevents lipid accumulation 
in hepatocytes through the EGFR/MAPK pathway.  J. Gastro-
enterol.  47:805–813.

Wang, X. G., J. F. Yu, Y. Zhang, D. Q. Gong, and Z. L. Gu. 2012b. 
Identification and characterization of microRNA from chicken 
adipose tissue and skeletal muscle.  Poult. Sci.  91:139–149.

Wong, Q. W., R. W. Lung, P. T. Law, P. B. Lai, K. Y. Chan, K. F. 
To, and N. Wong. 2008. MicroRNA-223 is commonly repressed 
in hepatocellular carcinoma and potentiates expression of Stath-
min1.  Gastroenterology  135:257–269.

Yanaihara, N., N. Caplen, E. Bowman, M. Seike, K. Kumamoto, M. 
Yi, R. M. Stephens, A. Okamoto, J. Yokota, T. Tanaka, G. A. 
Calin, C. G. Liu, C. M. Croce, and C. C. Harris. 2006. Unique 
microRNA molecular profiles in lung cancer diagnosis and prog-
nosis.  Cancer Cell  9:189–198.

Yoshida, T., T. Hisamoto, J. Akiba, H. Koga, K. Nakamura, Y. 
Tokunaga, S. Hanada, H. Kumemura, M. Maeyama, M. Hara-
da, H. Ogata, H. Yano, M. Kojiro, T. Ueno, A. Yoshimura, and 
M. Sata. 2006. Spreds, inhibitors of the Ras/ERK signal trans-
duction, are dysregulated in human hepatocellular carcinoma 
and linked to the malignant phenotype of tumors.  Oncogene  
25:6056–6066.

1896 WANG ET AL.




